Introduction {#Sec1}
============

Pharmaceuticals used in human and veterinary medicine are frequently detected in the aquatic environment or in the effluents from water treatment plants (Richardson and Brown [@CR53]; Moulin et al. [@CR43]). The main sources of these chemicals are industrial, hospital and municipal wastewaters. It is estimated that toxicity of hospital wastewater containing a mixture of different compounds is higher than that of the urban wastewater (Laquaz et al. [@CR34]). Most pharmaceuticals possess high biological activity; therefore, they may induce various ecotoxicological effects. Antibiotics are one of the most commonly used drugs that may be transferred from pharmaceutical industry, municipal and hospital wastewaters and treatment plants to the aquatic environment (Rizzo et al. [@CR54]; Basha et al. [@CR6]; Kim et al. [@CR33]). Since these compounds are only partially decomposed by ozonation and other methods (Arslan-Alaton and Caglayan [@CR4]), they may be accumulated in surface waters. Antibiotics are known to induce toxicological effects in various aquatic organisms (Park and Choi [@CR47]; Havelkova et al. [@CR26]). For example, amoxicillin may induce slight toxic changes in hemocyte parameters of bivalves *Ruditapes philippinarum* and *Mytilus galloprovincialis* (Matozzo et al. [@CR42]). In another study, florfenicol, one of the most commonly used antibiotic in aquaculture, was noted to cause a significant inhibition of cholinesterase activity in a bivalve *Corbicula fluminea* (Guilhermino et al. [@CR25]) and suppression of hepatopancreatic antioxidant system in the gazami crab *Portunus trituberculatus* (Ren et al. [@CR51]). Some antibiotics were also reported to induce toxic effects in a freshwater crustacean *Daphnia magna* such as lethality, inhibition of growth and reproduction in addition to bioaccumulation (Wollenberger et al. [@CR66]; Martins et al. [@CR41]; Kim et al. [@CR31]; Kim et al. [@CR32]; Huang et al. [@CR28]; Dalla Bona et al. [@CR18]; Ribeiro et al. [@CR52]).

Procaine penicillin (PP) is a combination of a β-lactam antibiotic benzylpenicillin and procaine, a local anaesthetic used in human and veterinary medicine for treatment of certain bacterial infections mastitis, syphilis, anthrax, diphtheria and pneumococcal pneumonia (Crowe et al. [@CR17]; Wright [@CR67]; Taponen et al. [@CR59]; Bazakis and Weir [@CR7]). Although PP is one of the most commonly used antibiotics in the USA and Europe (Moulin et al. [@CR43]), a number of side effects in the central nervous system in both humans and animals including seizures and other abnormalities were described (Paine Jr [@CR44]; Araskiewicz and Rybakowski [@CR3]). This drug was also demonstrated to affect the nervous system of aquatic invertebrates. For example, a convulsing effect due to the interference with membrane conductance to chloride was observed in PP-treated California sea hare *Aplysia californica* (Pellmar and Wilson [@CR48]).

Although some authors described acute toxicity of β-lactams (Ribeiro et al. [@CR52]), little is known on the effects of PP on behavioural and physiological effects in cladocerans. *Daphnia magna* is a common, invertebrate model used for toxicological testing (Manakul et al. [@CR39]). However, the overwhelming majority of these studies show results based on determination of only two distinct and rather insensitive endpoints: mortality and immobilisation. It is noteworthy that daphnids possess a variety of more responsive behavioural and physiological parameters that may be used for early determination of toxicity (Campbell et al. [@CR14]; Lovern et al. [@CR38]; Bownik [@CR10]). Some approaches have been made to use video techniques of determination *Daphnia* swimming activity; however, because of its complexity, support of digital analysis is required for quantification and differentiation between the parameters. The aim of our work was to evaluate the influence of PP on *Daphnia magna* swimming behaviour parameters such as track density, swimming speed, turning angle, hopping frequency with the use of digital analysis and physiological endpoints: oxygen consumption, heart rate and thoracic limb activity.

Material and methods {#Sec2}
====================

Animal culture {#Sec3}
--------------

*Daphnia magna* were cultured in a parthenogenetic reproduction started from a single female hatched from ephippium according to Microbiotests Inc. The culture was maintained for several generations in 6 L tanks with 5 L of aerated culture medium under light: dark period of 16 h: 8 h with a constant temperature of 21 ± 3 °C. The medium was prepared according to ASTM standards (American Society of Testing and Materials [@CR2]) with the following parameters: pH 7.9 ± 0.3, oxygen concentration 9.2 ± 0.4 mg/L, conductivity 380 μS/cm and a temperature of 21 ± 3 °C before the experiment. *Daphnia* were fed once daily with 5 ml/tank of baker's yeast suspension (10 mg/L). Neonate organisms (≤ 24 h old) were used in the study and were not fed 24 h before and during the exposure to PP. Each experiment was performed in triplicate. The non-treated control *Daphnia* were kept in culture medium only.

Chemicals and experimental design {#Sec4}
---------------------------------

Procaine penicillin G (1000 U/mg) was purchased from Polfa-Tarchomin. Due to low acute toxicity of the antibiotic according to Pfizer® Material Data Safety (LC50 for *Daphnia magna* \> 1000 mg/L), in order to observe distinct effects, it was diluted in *Daphnia* culture medium to the following concentrations: 11.79 mg/L, 117.9 mg/L and 1179 mg/L. Turbidity of the medium containing the highest PP concentration was 8 ± 0.6 NTU (Nephelometric Turbidity Unit). Behavioural biomarkers (swimming track density, swimming velocity, turning angles, hopping frequency) and physiological parameters (oxygen consumption, heart rate, thoracic limb activity) were determined after 2 h and 24 h of the exposure to the antibiotic at the above-mentioned concentrations. The control daphnids were kept in clean medium only. All experiments were done in triplicate.

Swimming speed {#Sec5}
--------------

Swimming speed of *Daphnia magna* neonates was determined according to the method by Bownik et al. ([@CR12]). Ten daphnids were placed in the observation dish (ϕ55 mm) containing 10 mL of medium with the appropriate concentration of PP. Video clips with swimming animals for each experimental group were recorded for a minimum of 1 min by using a digital camera installed on a stand. As the depth of the solution in the observation dish was small, vertical swimming of crustaceans was negligible. A frame-by-frame method supported by Tracker® 4.11.0 software was used for the analysis of swimming speed of *Daphnia*. The swimming track left by a single crustacean (interpreted as a mass point) and mean velocity (*v*) expressed in millimetres per second was measured by clicking with the cursor on *Daphnia* image in each separate frame of the clip. Since the experimental animals were swimming only in two dimensions, analysis of trails was based on *x* and *y* coordinates. The average speed of an individual daphnid in each experimental group was calculated by the software and plotted as an amplitudogram. The amplitudograms for 10 daphnids were then superimposed and presented in one graph. The mean speed of 10 individual daphnids was treated as a result for each experimental group.

Imaging of swimming track density {#Sec6}
---------------------------------

Swimming track density was determined by graphic analysis of images of trails left by 10 daphnids during 1-min video recording and further processing with the use of Tracker® 4.11.0 (Bownik et al. [@CR12]; Bownik et al. [@CR13]). The result of the analysis was an image showing swimming tracks marked with different colours. The image was then transformed to 1 colour depth with Toupview 3.7 software to black and white image in which all the tracks was shown as black pixels. The percentage of black pixels from each experimental group was then calculated from the histogram.

Turning ability {#Sec7}
---------------

Turning ability of swimming *Daphnia magna* was determined by evaluation of their change of angle with Tracker® 4.11.0 software. In brief, a 2-dimensional coordinate system was established for the observation dish seen in the video clips for each experimental group. The result of swimming track analysis was a graph showing turning angle (θ) visible in the *y* axis of the graph against time (*t*) on *x* axis. Turning angle of 10 daphnids in each experimental group was calculated by the software and the final result was plotted on the graph. Change of angle measuring the range of daphnid turning ability was calculated by subtraction of the minimal θ from maximal θ value for an individual daphnid and the data from 10 individual daphnids from each experimental group were meaned.

Hopping frequency {#Sec8}
-----------------

Hopping frequency of swimming experimental organisms was determined by a digital analysis of video clips with a frame-by-frame analysis. The number of characteristic "jumps" was counted and expressed per minute.

Oxygen consumption {#Sec9}
------------------

Oxygen consumption was determined with Oxygraph plus system (Hansatech Instruments) according to previously published methods (Soucek [@CR57]; Soucek et al. [@CR58]) with some modifications. 10 daphnids were transfered to the oxygraph electrode chamber containing 1 ml of medium with appropriate concentration of the antibiotic and the oxygen consumption was measured for 30 min. The oxygen was detected by an electrode mounted at the bottom of the chamber and the signal from the electrode was transferred to a computer. Oxygen consumption rate was calculated by computer software, O~2~view version 2.09. The experiment was done in duplicate.

Heart rate and thoracic limb activity {#Sec10}
-------------------------------------

Physiological parameters heart rate and thoracic limb movement were determined by a frame-by-frame digital analysis of video clips recorded from a light microscope. Briefly, a single daphnid was transferred from the experimental dish in a 50 μL droplet of appropriate experimental solution to a microscope slide and the microscopic view of the daphnid was recorded for more than 1 min (with a speed of 30 frames per second) with a digital camera Nikon D3100 mounted on the microscope. The two physiological parameters were analysed by a frame-by-frame method with a multimedia player software. Separate heart contractions, thoracic beats were counted for 1 min.

Statistical analysis {#Sec11}
--------------------

Statistical analyses were performed using Statistica® 13.1 software. Data normality and homogeneity of variances were calculated by the Shapiro-Wilk and Levene's tests, respectively. The comparisons of means between the experimental groups were determined by one-way ANOVA followed by the post hoc Tukey's *p* \< 0.05. The results are shown as means ± standard deviation (SD).

Results {#Sec12}
=======

Swimming track density {#Sec13}
----------------------

The experimental animals exposed to PP showed alteration of swimming track density. Images obtained with the software show that the highest density of the tracks manifested the untreated animals (Fig. [1](#Fig1){ref-type="fig"}). Daphnids exposed to the antibiotic manifest tracks of lower density. The parameter was decreased at all the concentrations after 2 h of the exposure (17.2 ± 1.7% black pixels b.p. 17.12 ± 2% b.p. and 16.15 ± 1.8% b.p. at 11.79 mg/L, 117.9 mg/L and 1179 mg/L, respectively) when compared to the untreated group (30.2 ± 3% b.p.) (Fig. [2](#Fig2){ref-type="fig"}); however, no significant differences were found between the three concentrations. Further reduction of the track density was noted after 24 h at concentrations of 117.9 mg/L (11.8 ± 1.8% b.p.) and 1179 mg/L (13.42 ± 1.3% b.p.). However, no alteration of the parameter was observed at 11.79 mg/L.Fig. 1Swimming track densityFig. 2Swimming density

Swimming speed {#Sec14}
--------------

Amplitudograms in Fig. [3](#Fig3){ref-type="fig"} obtained by Tracker® software show lower values of average speed for ten daphnids at each concentration of PP when compared to untreated control animals. Exposure for both 2 h and 24 h to 1179 mg/L of PP resulted in a considerable reduction of swimming speed (2.32 ± 0.4 mm/s and 0.99 ± 1.57 mm/s, respectively) in comparison to the control (5.48 ± 0.77 mm/s) (Fig. [4a](#Fig4){ref-type="fig"}). Similar results were observed in the animals exposed to lower concentrations of PP (117.9 mg/L and 11.79 mg/L) and no significant differences were noted between the experimental groups after 2 h and 24 h of the exposure.Fig. 3AmplitudogramsFig. 4Swimming speed and hopping frequency

Hopping frequency {#Sec15}
-----------------

Daphnids exposed to 1179 mg/L of PP showed the highest suppression of hopping frequency both after 2 h (27 ± 9.5 hops per minute, h.p.m.) and 24 h (2.9 ± 0.7 h.p.m.) when compared to the control (211 ± 17.5 h.p.m.) (Fig. [4b](#Fig4){ref-type="fig"}). A considerable inhibition of this parameter was also noted after 2 h at lower concentrations of the antibiotic (44 ± 10.4 h.p.m. and 41 ± 14 h.p.m at 11.79 mg/L and 111.79 mg/L of PP, respectively) and the highest reduction at these two concentrations was found after 24 h (18 ± 0.7 h.p.m. and 12 ± 0.6 h.p.m. at 11.79 mg/L and 111.79 mg/L of PP, respectively).

Turning ability {#Sec16}
---------------

Images obtained by Tracker® showed that PP affected turning angle of *Daphnia magna* (Fig. [5a](#Fig5){ref-type="fig"}). Curved trails shown in the image of the control daphnids (0 mg/L) suggest their high turning angle. On the contrary, the trails left by the animals treated with the antibiotic show low turning ability. Figure [5b](#Fig5){ref-type="fig"} shows that turning angle (θ max--θ min) was decreased by PP in a concentration-dependent manner. A considerable inhibition of this endpoint was noted after 2 h at all the concentrations of PP (43 ± 13, 19 ± 12 and 16.9 ± 10 at 11.79 mg/L, 117.9 mg/L and 1179 mg/L, respectively) when compared to the untreated daphnids (80 ± 6). The parameter was more depressed after 24 h (23 ± 17, 15.6 ± 6 and 3.9 ± 2 at 11.79 mg/L, 117.9 mg/L and 1179 mg/L, respectively).Fig. 5Turning angle

Oxygen consumption rate {#Sec17}
-----------------------

PP induced alterations of *Daphnia magna* consumption rate. The animals exposed for 2 h to concentrations of 11.79 mg/L and 117.9 mg/L of the antibiotic showed stimulated this endpoint (5.26 ± 0.3 nmol/min/L and 5.13 ± 0.4 nmol/min/L, respectively) when compared to the control daphnids (3.9 ± 0.2 nmol/min/L) (Fig. [6a](#Fig6){ref-type="fig"}). However, treatment with the highest concentration of PP resulted in the inhibition of the parameter (2.7 ± 0.15 nmol/min/L). Twenty-four-hour exposure to the antibiotic induced inhibition of oxygen consumption rate at all the concentrations used (0.412 ± 0.024 nmol/min/L, 0.358 ± 0.015 nmol/min/L and 0.07 ± 0.001 nmol/min/L at concentrations of 11.79 mg/L, 117.9 mg/L and 1179 mg/L, respectively) when compared to the untreated daphnids (1.055 ± 0.02 nmol/min/L) (Fig. [6b](#Fig6){ref-type="fig"}).Fig. 6Oxygen consumption

Heart rate {#Sec18}
----------

The study showed that heart rate of *Daphnia magna* exposed to PP showed a concentration-dependent inhibition after 2 and 24 h of the exposure (Fig. [7a](#Fig7){ref-type="fig"} ). The highest depression of heart contractions was found in animals after 24-h exposure to 1179 mg/L (164 ± 15 beats per minute, b.p.m.) when compared to the untreated control (420 ± 50 b.p.m.). The antibiotic at a concentration of 117.9 mg/L also considerably diminished this parameter (313 ± 20 b.p.m).Fig. 7Physiological parameters

Thoracic limb activity {#Sec19}
----------------------

Thoracic limb movement of *Daphnia magna* was affected by PP (Fig. [7b](#Fig7){ref-type="fig"}). Although a decrease of the parameter was found after 2 h of the exposure, the highest inhibition was noted in *Daphnia magna* after 24 h treatment at concentrations of 117.9 mg/L and 1179 mg/L of PP (61 ± 5 b.p.m. and 54 ± 10 b.p.m. at 117.9 mg/L and 1179 mg/L, respectively) in comparison to the control (226 ± 24 b.p.m.).

Discussion {#Sec20}
==========

Some reports suggest lethal effects of various antibiotics on *Daphnia magna* (Martins et al. [@CR41]; Ribeiro et al. [@CR52]); however, knowledge on the influence on sensitive behavioural and physiological biomarkers of freshwater cladocerans is still very scarce. This study showed that PP affected sensitive biomarkers of swimming behaviour (swimming track density, speed, turning angle and hopping frequency), physiological parameters (oxygen consumption, heart rate and thoracic limb activity) of *Daphnia magna* in a time- and concentration-dependent manner.

Swimming behaviour {#Sec21}
------------------

Swimming performance of *Daphnia magna* is a sensitive and reliable biomarker with several indicators used for determination of detrimental effects of a variety of chemicals (Shimizu et al. [@CR56]; Bownik and Stępniewska [@CR11]; Bownik [@CR10]; Bownik et al. [@CR12]; Liu et al. [@CR37]). However, the swimming behaviour is a very complex endpoint consisting of several parameters which cannot be determined quantitatively without support of digital video analysis (Bownik [@CR10]). Moreover, one of the main disadvantages of this technique is that results may be influenced by experimental conditions such as ambient temperature, water turbidity, light or the experimental vessel size (Dodson et al. [@CR19]; Chen et al. [@CR16]). Behavioural responses of cladoceran to waterborne antibiotics have been poorly investigated. A study by Pan et al. ([@CR46]) revealed that *Daphnia magna* exposed to a fluorochinolone, norfloxacin increased duration of quiescence and time ratio of vertical to horizontal swimming. Our study showed that all measured swimming parameters swimming track density, hopping frequency, swimming speed and turning ability were rapidly decreased in the animals in a time- and concentration-dependent manner when compared to the control. Low water turbidity at each concentration of PP did not affect the behavioural parameters. However, it is noteworthy that the video analysis of *Daphnia* swimming behaviour was performed with the use of a 2-dimensional system which has some disadvantages when referring the results to the natural conditions. Firstly, the experimental animals kept in the observation dish with a small swimming area were forced to move between the edges which possibly resulted in the higher values of turning ability and swimming track density but the lower average swimming speed when compared to the real scenario. Secondly, since our study was performed in a 2-dimensional system with low depth of medium, the experimental animals moved horizontally with little possibility of vertical migration. Furthermore, this method did not allow us to quantify the escaping behaviour of daphnids. Despite these methodological disadvantages, the differences of swimming behaviour between the PP-treated and control animals were evident. The present study suggests that early inhibition of swimming parameters probably is a consequence of neurotoxic effects of PP. The hypothetical molecular mechanism of *Daphnia* locomotor inhibition may involve interaction of the antibiotic particularly procaine molecule with sodium channels in the motor neurons controlling muscles of the second antennae (Lin and Tsai [@CR36]; Chen et al. [@CR15]; Wang and Strichartz [@CR64]). Depressive activity of procaine on this type of cells was also documented in frogs (Katz and Miledi [@CR30]). Natural exposure to PP may result in the reduction of *Daphnia* ability to avoid predators or impair their migration for food.

Oxygen consumption {#Sec22}
------------------

Effects of some chemicals on the cladoceran oxygen consumption were previously determined by some authors who found the possibility of using this endpoint as a sensitive biomarker (Geiger and Buikema Jr [@CR23]; Martins et al. [@CR40]). Although little is known on the influence of PP or other antibiotics on the oxygen consumption in invertebrates, this parameter was studied in a mussel *Lampsilis siliquoidea* exposed to moxifloxacin; however, the results showed no alteration when compared to the untreated control (Gilroy et al. [@CR24]). The present study showed that 2-h exposure to the lower concentrations of PP induced stimulation of oxygen consumption which may be explained by the fact that the exposure to the drug increased the oxygen demands for its enzymatic detoxification of procaine by esterases (Tobin et al. [@CR60]; Palanivelu et al. [@CR45]; Jewell et al. [@CR29]; Toumi et al. [@CR61]). On the other hand, a pronounced depression of the parameter found at the highest concentration and after 24 h at each concentration may be a result of anoxia (Hirst and Wood [@CR27]). PP-induced depression of oxygen consumption rate was also noted in vertebrates (Vogel et al. [@CR63]). This suggests that this parameter is a typical response to the antibiotic occurring both in the invertebrates and vertebrates and may be considered as a common biomarker

Heart rate {#Sec23}
----------

*Daphnia* heart rate is a physiological biomarker of environmental stress that can be easily measured using microscopic methods (Villegas-Navarro et al. [@CR62]; Campbell et al. [@CR14]; Bownik [@CR8]; Bownik and Stępniewska [@CR11]; Bownik et al. [@CR13]). Although the effects of antibiotics on cladoceran heart rate have not been extensively studied, Pan et al. ([@CR46]) found that norfloxacin decreased this parameter. Our study showed that PP also inhibited *Daphnia* heart rate in a time- and concentration-dependent manner. Although the mode of toxic action of norfloxacin in *Daphnia* heart has not been elucidated, PP-induced inhibition of this endpoint seems to be a result of blocking the sodium channels in the heart nerves (Frank and Sanders [@CR22]; Dorward et al. [@CR21]; Rosenberg et al. [@CR55]; Yu et al. [@CR68]). Depression of heart activity was also noted in *Daphnia magna* exposed to clove oil containing another sodium channel blocking agent, eugenol (Bownik [@CR8]; Wang et al. [@CR65]; Bownik [@CR9]). Dysfunctions of heart action may lead to disturbances of haemolymph circulation resulting in reduction of oxygen supply to the organs and the increased susceptibility to various pathogens.

Thoracic limb activity {#Sec24}
----------------------

Thoracic limbs play an important role in *Daphnia* feeding and ventilation due to generation of water currents by which food particles may be filtrated and oxygen may be supplied to the body (Pirow et al. [@CR49]; Lari et al. [@CR35]). Appendage activity was previously used as a sensitive biomarker (Lovern et al. [@CR38]; Bownik and Stępniewska [@CR11]) for determination of toxic effects induced by various compounds; however, little is known about its response to antibiotics. The present study showed that thoracic limb activity was decreased by PP in a time- and concentration-dependent manner. Depression of the parameter seems to be caused by the inhibitory action of procaine molecule on motor neurons and thus inhibitory effects on thoracic limb muscles (Katz and Miledi [@CR30]; Ahn and Karaki [@CR1]). Reduction of this biomarker was also found in *Daphnia magna* exposed to clove oil containing eugenol as the active ingredient (Bownik [@CR8]; Bownik [@CR9]). Disturbances of thoracic limb activity in cladocerans may result in reduction of ventilation leading to decreased oxygen supply to the organism or may cause impairment of feeding activity deranging the food web relations in the aquatic ecosystem.

β-lactam antibiotics are a vast group of drugs that may enter the aquatic environment from fish farms and with effluents discarded from water treatment plants (Done et al. [@CR20]; Azanu et al. [@CR5]; Praveena et al. [@CR50]). Considering that the average level of these pharmaceuticals in wastewater is low (127.49 ng/L) (Kim et al. [@CR33]) in comparison to the concentrations used in our study, constant exposure to β-lactams should not affect swimming behaviour and physiological parameters of *Daphnia magna*. However, veterinary practice of eradication of fish diseases with the intensive use of these antibiotics may elevate concentrations of antibiotics (Zhong et al. [@CR69]) and thus pose a risk of toxic effects in cladocerans. Moreover, increased levels of β-lactams may also occur in the proximity of wastewater discharge sewers increasing the possibility of detrimental effects.

Concluding remarks {#Sec25}
==================

Although our study showed no mortality of *Daphnia magna*, we found that PP affected sensitive endpoints such as swimming behaviour and physiological parameters by induction of neurotoxic changes. Since natural concentrations of PP in water reservoirs seem to be low, exposure to this antibiotic may be increased in fish farms or in the proximity of some areas where this compound is produced or intensively used. The results from the present investigation showed high sensitivity of behavioural and physiological biomarkers which suggests their recommendation for toxicological testing or monitoring of water quality.
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